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Thermus thermophilusThe oxidative part of the catalytic cycle of the caa3-type cytochrome c oxidase from Thermus thermophiluswas
followed by time-resolved optical spectroscopy. Rate constants, chemical nature and the spectral properties of
the catalytic cycle intermediates (Compounds A, P, F) reproduce generally the features typical for the aa3-type
oxidases with some distinctive peculiarities caused by the presence of an additional 5-th redox-center—a
heme center of the covalently bound cytochrome c. Compound A was formed with signiﬁcantly smaller yield
compared to aa3 oxidases in general and to ba3 oxidase from the same organism. Two electrons, equilibrated
between three input redox-centers: heme a, CuA and heme c are transferred in a single transition to the
binuclear center during reduction of the compound F, converting the binuclear center through the highly
reactive OH state into the ﬁnal product of the reaction—EH (one-electron reduced) state of the catalytic site. In
contrast to previous works on the caa3-type enzymes, we concluded that the ﬁnally produced EH state of caa3
oxidase is characterized by the localization of the ﬁfth electron in the binuclear center, similar to the OH→EH
transition of the aa3-type oxidases. So, the fully-reduced caa3 oxidase is competent in rapid electron transfer
from the input redox-centers into the catalytic heme-copper site.cytochrome c oxidase; RubiPy,
ino)ethane sulfonic acid; DM,
ropanesulfonic acid; TMPD,
constant of a process
: +358 9 191 59920.
.I. Verkhovsky).
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Four-electron reduction of oxygen to water in living organisms is
catalyzed by terminal oxidases [1], which convert redox energy into a
transmembrane difference of the proton electrochemical potential
(ΔμΗ+ ) [2]. In mitochondria, this chemical reaction is catalyzed by the
binuclear catalytic center (BNC) of cytochrome oxidase, composed of
the closely juxtaposed CuB and high-spin heme a3. The low-spin heme
a, which is an immediate electron donor for the BNC, is re-reduced by
CuA and that in turn by the soluble electron carrier cytochrome c from
the positive site of the membrane.
Binding of O2 to heme a3 of the fully-reduced (R state) bovine and
closely related typical bacterial aa3 cytochrome oxidases initiates the
formation of compound A [3] which is followed by electron transfer
from heme a to the BNC with a time constant of ~25–40 μs, forming
the PR state [4,5]. Three out of four electrons required for oxygen
reduction at this stage are taken from the BNC, whereas the fourthelectron is delivered to the dioxygen molecule from the low-spin
heme a and is accompanied by a proton provided by the cross-linked
tyrosine [6]. The PR state (oxo-ferryl state of heme a3) is characterized
by a broken O-O bond and a visible spectrum with an absorbance
maxima at 607 nm [7,8].
Later, the protonation of BNC from the N-side of the membrane
with the time constant of ~50-100 μs produces the next reaction
intermediate, F state, with the absorption maximum at 580 nm [9].
Formation of the F state is accompanied by electron equilibration
between CuA and heme a. It is rate-limited by the internal proton
transfer to the BNC from a conserved glutamate (E278 in Paracoccus
denitriﬁcans numbering) [10–12]. The glutamate residue is immedi-
ately reprotonated from the N-side of the membrane through the
protonic D-channel, which is the sole supplier of protons during the
oxidative part of the catalytic cycle [13–17].
During the next stage, the last electron transfer from the
equilibrated heme a/CuA pair to BNC is accompanied by proton
uptake from the N-side to produce a water molecule in BNC and to
complete the formation of the oxidized state (OH), the lifetime of
which was estimated for at least ~30 s in case of aa3 cytochrome
oxidase from P.denitriﬁcans [18]. In the absence of electron donors the
OH state relaxes into the oxidized ground state (O), the reduction of
which is not linked to proton pumping. Alternatively, the immediate
reduction of the freshly formed OH state results in electron delivery to
the optically invisible CuB center and pumping of the proton across
1163S.A. Siletsky et al. / Biochimica et Biophysica Acta 1807 (2011) 1162–1169the membrane with the formation of the one-electron reduced EH
state [19–21]. The optical spectra of the O and OH states are very
similar [22], which leaves the question of the structural difference
between these two states open.
This scheme is not general, owing to the diversity of the
superfamiliy of terminal oxidases [23]. For example the F state in
cytochrome ba3 from the Gram-negative, aerobic eubacterium T.
thermophilus has a spectrum identical to the PR state, which indicates
that the proton taken up during the PR→F transition does not reside
in the binuclear site but is rather transferred to the covalently cross-
linked tyrosine near the site [24].
Based on the comparison with the bovine enzyme, the similar
kinetic phases attributed to the R→…→O transitions were resolved
in the recent single-wavelength study of fully-reduced cytochrome
caa3 type enzyme from Rhodothermus marinus [25]. Presence of the
extra ﬁfth electron in the cytochrome caa3 led to the additional, very
slow (from tenths of milliseconds up to seconds), kinetic component
of the electron re-equilibration within the enzyme [25–27]. The ﬁnal
one-electron reduced state of the reaction (E) was proposed to be the
state with reduced heme a and oxidized BNC [26,27]. These earlier
studies of the ﬁve-electron reduced caa3 cytochrome oxidases gave
some evidence against the EH state as a ﬁnal product and corroborate
the redistribution of electron between the redox-centers of the
enzyme [28].
In this work, we have resolved the kinetics and spectra of the
transitions during oxidation of the fully-reduced caa3 cytochrome
oxidase from T. thermophilus by molecular oxygen in the time region
from microseconds to seconds. This enzyme contains an additional
redox active center represented by the covalently bound c-type heme
[29–34] and gives a natural opportunity to follow ﬁve subsequent
transfers of electrons to dioxygen at the binuclear site in a single-
turnover regime. The data directly shows that the ﬁve-electron
reduced cytochrome caa3 from T. thermophilus is fully competent in
the rapid electron transfer from the input redox-centers to the
catalytic heme-copper site and goes through all of the usual
intermediate states of canonical aa3 oxidases, including the ﬁnal 5th
OH→EH transition with localization of the last electron in BNC.Fig. 1. Absorbance difference spectra obtained during the anaerobic reduction of caa3
oxidase from T. thermophilus by CO. The oxidized state was recorded as a reference
spectrum then the cuvette was degassed and ﬁlled with CO atmosphere. The shown
difference spectra were obtained after 15, 120 and 240 min of incubation. The direction
of absorbance changes development in time is indicated by an arrow. The last spectrum
was recorded after addition of dithionite. Protein concentration was ~10 μM.2. Material and methods
2.1. Time-resolved spectrophotometric measurements
Cytochrome caa3 was isolated from T. thermophilus HB8 cells as
described in [35]. Time-resolved multiwavelength absorption
changes were followed on different time scales by two home-
constructed detector systems. One was a CCD-based instrument that
allows recording of absorption changes with a time resolution of 1–
16 μs between individual 433 nm wide spectra, but only up to a
maximum of 2 ms [19] of recording time. The second was a newly
built CMOS based detector system capable of taking 500 nm wide
spectra with logarithmic time averaging starting from 14 μs per
spectrum up to inﬁnity. This new detector system was built on the
basis of a Sprint spL2048-140km (Basler vision technologies) linear
scan camera coupled to an imaging spectrograph CP-140–104
(Horiba Jobin Yvon). Both detector systems can be coupled to the
same sample compartment by optical ﬁber. To perform the ﬂow-
ﬂash experiments with the CO-inhibited reduced enzyme, the
detector systems were attached though the optical ﬁbers to the
stopped-ﬂow module (SFM-300, Bio-Logic,Claix, France). Switching
the optical ﬁber between two detector systems allowed us to record
ultra fast (microseconds) and fast (milliseconds) optical changes
from the same sample. These two sets of data were then combined in
a uniﬁed data surface. The CO photolysis was initiated by a laser ﬂash
(frequency-doubled YAG, 532 nm; pulse energy, 120 mJ; Brilliant B;
Quantel, Les Ulis, France).2.2. Data analysis
The experimental data were ﬁtted by a sequential reaction model
[36–38]. MATLAB (The Mathworks, South Natick, MA) was used for
the data analysis and presentation.
The following extinction coefﬁcients of the redox centers and
intermediates were used during calculation: ε790−800~1900 M−1
cm−1 for the CuA center [39,40]; ε665−700~1500 M−1cm−1 for the
high-spin heme a3 [41]; ε605~16 mM−1 cm−1 for heme a [42]; ε607
~11 mM−1 cm−1 and ε580~5.5 mM−1 cm−1 for compound P and F,
correspondingly [43,44].
3. Results
To decompose the optical spectra of the sequential phases upon
passage of caa3 oxidase through the catalytic cycle in the reactionwith
oxygen, the pure spectra of the heme components and BNC in-
termediates were obtained.
3.1. Hemes spectra
The spectral properties of the heme components of cytochrome
caa3 from T. thermophilus were very similar to those found for other
hemes of the same nature [29,30,45]. The optical absorption spectrum
of resting (as isolated) caa3, displayed a band at 600 nm, while the
dithionite-reduced enzyme displayed the visible maxima at 520, 548
(heme c), and 603 nm (heme a and a3). The difference spectrum of the
reduced CO-bound minus the reduced form was characteristic for CO
binding to heme a3, as denoted by the peak at 593 nm and the trough
at 612 nm. However, the apparent extinction coefﬁcient of CO binding
band (maximumminusminimum in the visible region) looks smaller.
Taking into account variations in extinction coefﬁcients of the hemes
[30,32,46], this molar extinction may be estimated as 5.4–6
mM−1cm−1, which corresponds to about 50–60% of the value for
bovine aa3 oxidases (10.5 mM−1cm−1, [47]).
The pure redox spectrum of heme a for cytochrome caa3 from T.
thermophilus was obtained during anaerobic slow reduction of the
enzyme by CO (Fig. 1). Since binding by CO increases the redox
potential of heme a3 and CuB, these redox centers are reduced before
others. Formation of the heme a3-CO complex was followed by the
reduction of heme a with the characteristic visible band at 603 nm.
Additional reduction results in the appearance of a sharp band at
around 549 nm that indicates the reduction of cytochrome c, in
Fig. 3. Reaction of caa3 cytochrome oxidase with peroxide. (A) Absorption spectrum of
the ﬁrst kinetic transition representing formation of peroxy intermediate from the
oxidased enzyme; (B) Absorption spectra of the second transition representing
formation of oxoferryl intermediate from peroxy; C, The sum of the ﬁrst and the
second transitions representing formation of ferryl intermediate versus oxidized
enzyme. The~10% of heme a redox difference absorption spectrumwas subtracted. The
caa3 cytochrome oxidase was at a concentration of ~14.7 μM in 200 mM CHES (pH 9,
DM 0.05%) and mixed with 20 mM peroxide in the same buffer at a ratio of 1:1.
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The redox spectrum of pure heme a extracted from the gradual
reduction (Fig. 2, inset) looked practically identical to that of the
canonical aa3 oxidases [48] and has been used for the simulation of
the transition states of the single-turnover kinetics.
The redox spectrum of the high-spin heme a3 had a maximum
around 610 nm (Fig. 2, trace III), which is red-shifted relative to that of
typical aa3 cytochrome oxidases [48]. On the other hand, this
spectrum was similar to heme a3 in cytochrome ba3 from T.
thermophilus [20,49]. The A-type hemes in the T. thermophilus ba3
and caa3 oxidases are different from those that are normally present
in bacterial and eukaryotic terminal oxidases; the farnesyl side chain
is replacedwith the geranylgeranyl group [50]. Such replacementmay
be a cause of the heme a3 red-shift feature.
3.2. Optical absorption difference spectra of the peroxy and oxoferryl
intermediates
The absorption spectra of the P and F intermediates were obtained
from the transient kinetics study of the cytochrome caa3 during the
reaction with peroxide. Similar to the canonical cytochrome aa3
[51,52], the direct mixing of oxidized cytochrome caa3 with
millimolar concentrations of peroxide results in the sequential
formation of the P (in milliseconds) and F (in seconds) intermediates.
The spectral contributions of these intermediates can be obtained
from the global ﬁt of the data using the sequential model: O→P→F.
Fig. 3 shows the visible spectra of the intermediates, resolved by the
global analysis of the absorbance changes in the reaction of T.
thermophilus caa3 with 10 mM H2O2 at pH 9. The intermediate I of
cytochrome caa3 was dominated by a peak at 610 nm (Fig. 3, trace A).
This was 3 nm red-shifted again when compared to the P state of
cytochrome aa3 [7], whereas it was similar to P state in cytochrome
ba3 [24].
The spectrum of the intermediate II (Fig. 3, trace B) reﬂects the
conversion of the P state (trough at 611 nm) into F (maximum at
582 nm). The ratio of the extreme values in the spectrum of the
intermediate II was close to 2.1, which is in excellent agreement with
the extinction coefﬁcient of compound P at 607 nm and of compound
F at 580 nm in typical aa3 oxidases. After subtracting a small amount
of the reduced heme a (~10% of the total cytochrome oxidaseFig. 2. Reduced minus oxidized spectra of hemes a and a3. Redox spectrum of heme a3
(III) was obtained as a difference between the spectrum of a3-CO (II), observed during
the formation of the reduced heme a3-CO complex from the oxidized state (initial
spectrum on the Fig. 1) minus CO photolysis spectrum from the fully reduced state of
enzyme (I). Inset: the redox spectrum of heme a extracted from the gradual reduction
(Fig. 1).concentration), the sum of the intermediates I and II spectra showed
the characteristics of an “oxoferryl” minus oxidized (F-O) difference
spectrum with absorbance peaks at 582 nm which is typical of the
conventional “compound F” (Fig. 3, trace C).
The rate constants of the ﬁrst and second transitions correspond to
the following bimolecular constants: 1540 M−1s−1 and 21.5 M−1s−1.
Formation of the P state in the cytochrome caa3 (k~1540M-1s−1) was
about 2−fold faster than that in other oxidases such as bovine aa3
[51,52] or bo3 quinol oxidase from Escherichia coli (k~500–1000
M−1s−1) [53]. At the same time this constant is very close to the value
of 1850 M−1s−1 obtained for the second oxidase of T. thermophilus,
cytochrome ba3 [54]. It is worth noting however that oxidized
cytochrome ba3 does not produce signiﬁcant amounts of P and F
compounds when reacted with peroxide for minutes, and a single-
electron photo reduction of heme b (which presumably opens the
binuclear center for the exogeneous ligands) was needed to measure
the rate of H2O2 binding to this enzyme [54].
The apparent extinction coefﬁcient of the intermediate I of
cytochrome caa3 was about half (around 3 mM−1cm−1) as large as
that obtained recently for the same intermediate in peroxide reaction
of the typical aa3 oxidases [55]. This value is in agreement with partial
binding of CO and H2O2 to the BNC of cytochrome caa3. Additionally,
incubation of the oxidized caa3 with 2.5 mMKCN resulted in a spectral
shift of 30–34 mM−1cm−1 in the Soret region (data not shown),
which is about half of the spectral shift of typical aa3 oxidases [56].
3.3. Flow-ﬂash study of the reaction of caa3 cytochrome oxidase from T.
thermophilus with oxygen
The ﬂow-ﬂash approach [57] was applied to measure the optical
changes upon the reaction of the fully reduced cytochrome caa3 from
T. thermophilus with oxygen. The preliminary reduced and CO-
equilibrated cytochrome caa3 was mixed in a stopped-ﬂow apparatus
Fig. 5. Optical spectra of kinetic components in the reaction of fully-reduced
cytochrome caa3 oxidase from T. thermophilus with oxygen. Conditions as in Fig. 4,
except of (A), where enzyme was mixed with the oxygen at the ratio 1:5 (see text).
(A) Spectrum of the A compound. (B) Second component, τ ~30.6 μs. (C) Third
component, τ ~41.1 μs. (D) Fourth phase, τ ~2.66 ms. (E) Fifth phase, τ ~70.1 ms. (F) Sixth
component, τ ~531 ms.
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(Δτ=5ms) after the mixing (to preclude thermal dissociation of CO)
CO was photo dissociated by a laser ﬂash to initiate the oxygen
reaction, which was monitored by a CCD-based spectrophotometer.
The ﬁrst part of the reaction, up to 120 μs, was recorded with 1
spectrum per μs, and then combined with the second part measured
with a 16 μs time resolution for up to 1 s. (Fig. 4). The time course of
the reaction is shown in (Fig. 4, inset) at four characteristic
wavelengths extracted from the complete matrix of the collected
spectra: 550 nm (time course of heme c oxidation), 573 nm (the F
state), 605 nm (mostly heme a and heme a3) and 800 nm (CuA). The
immediate response on the laser ﬂash seen for all single-wavelength
kinetics at zero time and corresponding to the photolysis of CO was
subtracted. The kinetics starts with a lag phase that lasts from several
(for 605 nm) to several tens of microseconds (550, 573 and 800 nm)
(Fig. 4, inset).
It is obvious from the single-wavelength kinetics that the reaction
consists of many components that make the assignment of the phases
a complex task. In order to extract the individual spectra of the kinetic
phases the complete surface of optical changes was ﬁtted using the
seven sequential reaction steps model. The reaction starts with CO
photolysis, which resembles the opposite CO binding spectrum of the
reduced heme a3 (not shown). As mentioned above, the yield of CO
binding to a3 is incomplete, hence the amount of the photolysed
cytochrome caa3 was about half of the reduced enzyme. Two ﬁrst
resolved components of the reaction with oxygen form a lag phase.
Therefore, we treated these lag phases as a single component. The
time constant for this component was very similar to that in bovine
aa3 or ba3 cytochrome oxidases (7–10 μs) [5,24].
Absence of the distinct spectral changes of the ﬁrst intermediate
most probably points to the very low accumulation of this compound,
owing to the faster rate of its elimination in the following transition.
Indeed, in agreement with this suggestion increase in the actual
concentration of oxygen in two times results in appearance of
compound spectrum (Fig. 5, trace A; [5,58]). In the resolved
intermediate, the trough near 613 nm reﬂects the disappearance of
the unliganded reduced heme a3. This process was accompanied by an
absorption increase at 598 and 557 nm, corresponding to α and β
bands of the ferrous-oxygen adduct (compound A) of bovine CcOFig. 4. Reaction of the fully reduced cytochrome caa3 oxidase from T. thermophilus with
oxygen at +21 °C. Presented sequential spectra of the enzyme taken at 1 μs intervals
during the catalytic reaction started by the ﬂash-induced dissociation of CO in the
presence of O2. The spectrum of CO dissociation was subtracted from the entire data
surface. The direction of signal development in time is indicated by arrows. Conditions:
reagent concentrations: enzyme, 12.7 μM; O2, 0.6 mM; CO, 0.6 mM; DM, 0.05%; MOPS
(7.0), 200 mM; sodium ascorbate, 2.5 mM; TMPD, 1.25 μM. All the concentrations are
ﬁnal (after 1:1 mixing); optical path, 1 cm. Inset: Time course of the reaction at 550 nm,
573 nm, 605 nm, and 800 nm (6-fold magniﬁed).[3,59]. Starting from the second resolved intermediate the kinetics for
both (1:1 and 1:5) enzyme/oxygen mixing ratios were the same.
The time constant of the second resolved transition (Fig. 5, trace B)
was about 30 μs. The spectrum of it had a well-resolved trough at
604 nm and broad peak with maximum around 623 nm. In general it
looked as it would be expected if the generation of the P state in
cytochrome caa3 was accompanied by oxidation of the low-spin heme
a. The spectrum of this transition in bovine CcO at low temperature
has a trough at 602 nm with a negative shoulder on its low-
wavelength side and a distinct peak near 617 nm [7]. The red-shift
of minimum value in this spectrum relative to bovine enzyme could
be most probably explained by a low yield of compound A. As a result,
disappearance of compound A would not shift signiﬁcantly the
minimum of the second transition in cytochrome caa3 to the blue side.
The third component in the reaction of cytochrome caa3 with
oxygen (Fig. 5, trace C) developed with a time constant of about 41 μs.
The spectrum of this phase contains a signiﬁcant trough at 619 nm. As
can be seen from the spectrum, this phase was accompanied by the
appearance of a narrow peak with a maximum position at 603 nm,
which probably points to the re-reduction of the low-spin heme a. The
trough at 549 nm veriﬁes the signiﬁcant oxidation of heme c during
this transition in parallel with oxidation of CuA (absorbance increase
at 800 nm) (Fig. 4, inset).
The characteristic time of the forth detected transition in
cytochrome caa3 was about 2.7 ms. The absorbance changes during
the fourth resolved component (Fig. 5, trace D) had a trough with a
minimum at 606 nm and a broad negative shoulder on its low-
wavelength side around 585 nm. There was a simultaneous broad
increase of absorption observed in the red-wavelength side of the
spectra at around 654 nm. Additionally, this transition also included a
signiﬁcant amount of heme c (trough at 550 nm) and CuA oxidation.
The subsequent ﬁfth component (Fig. 5, trace E) had a time constant
of about 70 ms and looked on one side similar to the preceding phase,
whereas it is quite different from the sixth (τ~500 ms) phase (Fig. 5,
trace F). Just like the fourth transition, the ﬁfth component demon-
strated troughs at 605 nm and 550 nm with similar amplitudes,
corresponding to oxidation of heme a and heme c, while the increase
of absorption at 654 nmwas not observed. The overall amplitudes of the
low-spin hemes oxidation in a course of this phase corresponded
roughly to 1/3 of that for the previous component.
The sixth and slowest resolved component pointed to a signiﬁcant
amount of heme c oxidation (Fig. 5, trace F) coupled with relatively
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amplitude of heme c oxidation in this component corresponded to
40–45% of the enzyme population, while the remaining 50–55% of
heme c had been oxidized during the preceding reaction phases.
4. Discussion
4.1. The ﬁrst transition (CO release, binding of oxygen, generation of
compound A)
The ﬁrst resolved intermediate (Fig. 7) in the reaction of bovine
CcO with oxygen was the ferrous-oxygen adduct (compound A),
discovered and characterized for the ﬁrst time by Chance and
coworkers [60]. The same intermediate was recently reported for
cytochrome ba3 from T. thermophilus [24]. Except of extremely low
yield, the visible spectral characteristics of the R→A transition in the
cytochrome caa3 from T. thermophilus were similar to other terminal
oxidases with a heme a3-CuB binuclear center [5,24,58]. The estimated
yield of the compound A corresponded to 10–15% of the photolyzed
cytochrome caa3 versus 62% found in case of bovine enzyme [5] and
~40% in cytochrome ba3 from T. thermophilus [24,61].
To explain such a low yield of compound A, it is necessary to take
into account the steps preceding oxygen binding to the reduced heme
a3. These reactions include CO release from heme a3 via CuB which is
then followed by oxygen binding to heme a3 in a manner similar to
that in the cytochrome aa3 [62]. The model to describe the reaction
after the laser ﬂash can be written as:
R−CO R B A P
a2+3 Cu
þ
B−CO↔K1 a2+3 CuþB↔K2 a2+3 CuþB−O2↔K3 a2+3 −O2CuþB→
k a4+3 =O
2−Cu2+ :B
Scheme 1,
hence; A½  = a3−O2CuB½  =
1
1 + K3 + K2K3 + K1K2K3
K1 = k−1 CO½ = k1;K2 = k−2 = k2 O2½ ;K3 = k−3 = k3ð Þ;
One can conclude from this equation (for details of derivation, see
in [5]) that the yield of compound Amay be decreased because of high
values of K3, K2 (oxygen prebinding to CuB as in cytochrome aa3
compound B formation), or K1. The equilibrium constant of CO
dissociation from CuB in cytochromes caa3 and ba3 from T. thermo-
philus is signiﬁcantly smaller than that in cytochrome aa3 [63], which
may explain the decreased yield of compound A in both cases. The
small value of Kd for CO dissociation from CuB in cytochromes ba3 and
caa3 [63] raises the value of K1 in Scheme 1, because K1=Ka(CO-
CuB)×[CO], whereby K1 assumes a value of ~4 in case of caa3 enzyme
[45,63] and ~10 for cytochrome ba3 [63]. In the absence of CO,
superfast (10 times faster than its binding to the bovine enzyme) O2
binding was recently found for ba3 oxidase from T. thermophilus [64],
providing the smaller values of K2 and K3 in this enzyme that
corroborates the impact of high value of K1.
As was suggested in [64], the elevated O2 transport in cytochrome
ba3, may be advantageous to the organism considering the low
oxygen solubility under atmospheric pressure at 70 °C, the optimum
growth temperature of T. thermophilus HB8. Since caa3 cytochrome
oxidase is expressed by T. thermophilus under higher partial oxygen
pressure compared to ba3, it should probably display greater values of
K2 and K3, resulting in a smaller yield of compound A. Thus the
equilibrium constant of CO redistribution between heme a3 and CuB in
cytochrome caa3 is about 1.4 [23], or only about half of heme a3 has
bound ligand.4.2. The second transition (generation of PR)
The rate constant of the second resolved transition (~30 μs) in the
kinetics of cytochrome caa3 is very similar to the rate of the PR state
generation in case of canonical aa3 oxidases and cytochrome caa3
from R. marinus [25], whereas it is slightly slower than that for
cytochrome ba3 from T. thermophilus [24]. In bovine enzyme, the
second reaction component is a sum of three simultaneous changes,
viz. conversion of A (decrease at 595 nm) to PR (increase at 607 nm)
and the net oxidation of a signiﬁcant portion of heme a (decrease at
605) [7]. The spectrum of this transition in bovine CcO at low
temperature has a trough at 602 nm with a negative shoulder on its
low-wavelength side and a distinct peak near 617 nm [7].
An absence of evident spectral changes at 800 nm and 550 nm
clearly indicates that CuA and heme c do not participate in the
generation of the PR state. Assuming the spectral changes caused by
formation ofPR in caa3 oxidase (maximumat610 nm, ε~11mM-1 cm-1)
and oxidation of heme a, the yield of PR generation in cytochrome caa3
was estimated close to the amount of photolysed enzyme.
4.3. The third transition (“PR→F”)
The third component in the reaction (Fig. 5, trace C) developed
with a time constant of about 41 μs, which is similar to the third
component of cytochrome aa3 from bovine heart and P. denitriﬁcans
[58,65]. Meanwhile, this is several times faster than the third
component of the kinetics obtained during the single-wavelength
study of R. marinus cytochrome caa3 [25]. It was suggested [25] that
the slower rate constant of cytochrome caa3 from R. marinus (~250 μs)
is the result of the substitution of a glutamate (E278 in P. denitriﬁcans
numbering), considered as a key element for the proton transfer
[14,66–68], for the tyrosine residue [69]. However, both caa3
cytochromes from T. thermophilus and R. marinus belong to the A2
subfamily of structurally related heme-copper oxidases [23], which
is characterized by the absence of the glutamic acid (E278 in
P. denitriﬁcansnumbering) in the helix VI. Thus, thepreviously proposed
suggestion [25] is not valid and the observed kinetic differences rather
reﬂect variability in the properties of heme-copper oxidases.
In case of canonical cytochromes aa3, the third reaction step results
in formation of the F (peak at 580 nm) from the PR (peak at 607 nm)
state. The spectrum of this transition for bovine enzyme is
characterized by the trough near 617 nm because of PR disappear-
ance, the broad maximum at 580 nm, caused by formation of the F
state, and the additional narrow peak at 602 nm due to the re-
reduction of the low-spin heme a during synchronous electron
transfer from CuA [7]. Such changes of the visible spectra are
controlled by the electron transfer to the low-spin heme, that, in
turn, is triggered by protonation of BNC from the N-side of the
membrane [12]. Alternatively, the destination of the proton may be
different from BNC, such as in cytochrome ba3 from T. thermophilus,
where the proton is presumably delivered to the reactive tyrosinate
residue that is responsible for similar (identical?)spectra of the F and
PR states of this cytochrome in the visible region [24].
The spectra of the third phase in caa3 oxidase from T. thermophilus
displayed an increase in absorption at 603 nm (Fig. 5, trace C) which,
similar to cytochromes aa3 and ba3, points to the re-reduction of the
low-spin heme a. However, the spectral changes attributed to the
conversion of BNC are not so evident. While similar to the canonical
aa3 oxidases the spectrum shows a trough at 617 nm, it lacks the
absorbance band at 580 nm that speciﬁes generation of the F state. In
order to ﬁnd out the fate of the F state, we modeled the third
transition in cytochrome caa3, using the redox spectrum of heme a
and the spectral changes attributed to heme a3 during the PR→F
transition, derived from the reaction of caa3 oxidase with peroxide.
The result of simulation is shown on the Fig. 6A. The simulated
spectrum is similar to the native spectrum of the PR→F transition.
Fig. 6. Spectra of the third (A) and forth (B) transitions in caa3 oxidase ﬂow-ﬂash study
(solid lines) and its modeling (dotted lines) by linear superposition of redox spectra of
the hemes a, c and different forms of heme a3 including P and F states, obtained from
the reaction of caa3 oxidase with peroxide. Inset: The spectrum of a product which
disappeared in the forth transition obtained by the spectra of the hemes a and c
subtraction from the spectra of this transition.
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oxidase from T. thermophilus is the additional electron equivalent,
occupying the input redox centers. In contrast to cytochrome caa3
from R. marinus, where the third step is characterized by the oxidation
of heme c [25], the enzyme from T. thermophilus oxidizes about 35-
40% of CuA and 40-45% of heme c to heme a during PR→F transition
(Fig. 4, inset). Thus, in the F state heme a, CuA and heme c are reduced
to 75–80%, 60–65% and 50–55%, respectively. Such electron distribu-
tion is in agreement with the midpoint redox potentials of heme c
(~220 mV [70]) and CuA (245 mV [71]) in the enzyme. We can
conclude that in the F state cytochrome caa3 from T. thermophilus
contains the two electrons distributed among CuA, cytochrome c and
heme a (Fig. 7), exhibiting close values of their apparent midpoint
redox potentials.
4.4. Fourth transition (disappearance of compound F)
The fully reduced state of typical aa3 oxidase contains four electron
equivalents. Therefore the forth transition is the ﬁnal step in the
oxygen reduction kinetics. During this step, the last (fourth) electron
is transferred to BNC from the equilibrated (60%:40%) heme a/CuA
couple. Disappearance of the F state is showed up as a trough at the
580 nm accompanied by the simultaneous accumulation of the fully
oxidized state (the OH state) manifested by the appearance of the
charge-transfer band with maximum at 660–665 nm [41].
The characteristic time of the fourth transition in cytochrome caa3
from T. thermophilus is about 2.5–3 ms (k~360–380s−1), which is
close to that of cytochrome caa3 from R. marinus [25], but slightly
slower than the rate of the F→O transition in cytochrome aa3
(k~1000s−1) [4,65]. The absorbance changes in the fourth transitionFig. 7. Scheme of the reaction of reduced caa3 oxidase with oxygen represented as a seque
current redox center. The dashed arrows indicate electron (red) and proton (blue) transferwere characterized by the signiﬁcant troughs at 606 nm and 550 nm,
which indicate the oxidation of hemes a and c. In order to model the
spectrum of BNC conversion during the fourth component of the
reaction, we have subtracted the redox spectra of the low-spin hemes
c and a from spectra of this transition (Fig. 6B). The resulting spectrum
(Fig. 6B, inset) is characterized by the maximum around 583 nm and
looks very similar to the F to O spectrum of cytochrome caa3, obtained
in the reaction with peroxide (Fig. 3C). Thus, it stands for the
disappearance of the F state of the enzyme during this step, and the
entire forth transition can be well modeled using the redox spectrum
of heme a, heme c and the spectral changes attributed to heme a3
during the F→O transition, derived from the reaction of caa3 oxidase
with peroxide (Fig. 6B, dotted line).
The spectrum of the fourth transition is characterized by a broad
increase in absorption with a maximum around 654 nm, which is
induced by the appearance of the charge-transfer band, indicative of
the high-spin oxidized heme a3. The produced amount of high-spin
heme a3 through the reduction of compound F corresponds to about
6 μM, in agreement with the amount of the photolyzed enzyme. It
should be stressed that the position of the maximum of the charge
transfer band in case of cytochrome caa3 is shifted to the low-
wavelength side when compared to the canonical aa3 CcO [41]. The
shift of the 665 nm band to the blue side of the spectrum, which is
characteristic of the single-electron reduced EH state [19], argues for
the transfer of more than one electron equivalent to BNC of
cytochrome caa3 from T. thermophilus, converting F into a single-
electron reduced state EH during the fourth transition.4.5. Fifth and sixth transitions
The spectrum of the ﬁfth phase (τ~70 ms) resembles that of the
previous phase, composed of similar amplitude absorption troughs
owing to the parallel oxidation of heme a and c (Fig. 5, trace E). Similar
spectra of the phases indicate the analogous nature of the chemical
transformations in BNC during these processes. Indeed, the analysis of
the spectral changes for both forth and ﬁfth phases indicates oxidation
of approximately ~4.6 μM of heme a, corresponding to ~90% of the
reduced heme a in F state of the enzyme. Hence, the heme a that was
re-reduced in the PR→F transition is practically totally re-oxidized
during the fourth and ﬁfth transitions. The sum of heme c oxidation
during both fourth and ﬁfth transitions corresponds to about 3.2 μM
or about 55–60%. Similar behavior is also detected for the CuA center.
Hence, the total amount of oxidized input redox-centers (including
heme a, heme c and CuA) is calculated to be about 10.8–11.2 μM (or
180–187% of electron equivalents per enzyme molecule). Therefore,
the ﬁnal state of caa3 oxidase from T. thermiphilus, produced to the
end of the ﬁfth transition corresponds to the EH (single-electron
reduced) state and, contrary to previous works on caa3-type enzymes
[26,27], is characterized by the localization of the ﬁfth electron in the
binuclear center (Fig. 7), similar to the OH→EH transition of the aa3-
type oxidases [19,20].nce of the sequential steps. The ﬁlled circles/rhombuses indicate reduced state of the
s during the subsequent reaction step.
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that are different from the fourth and ﬁfth components (Fig. 5, trace
F). Corresponding to about half of the enzyme population, it reﬂects a
slow reaction of the non-photoreactive part of cytochrome caa3 with
oxygen, in agreement with the described-above peculiarities of ligand
binding to the BNC (in particular, CO, peroxide, and KCN). As
distinguished from the photolyzed caa3, the spectrum of the sixth
component indicates that the non-photoreactive half of the enzyme
may contain a signiﬁcant amount of reduced heme a by the end of the
reaction.
Owing to the signiﬁcant contribution of the τ~500 ms component
into the total change of absorbance of the caa3, one could come to the
same conclusion as in [26,27], suggesting the homogeneous evolution
of the entire enzyme population. The spectral analysis, applied in this
work however, clearly proves that the signiﬁcant admixture of the
reduced heme a in the ﬁnal state of enzyme is explained by the
inﬂuence of the unphotolyzed oxidation. At the same time, the
photolyzed, active in ligand binding part of caa3 oxidase from T.
thermophilus is oxidized in a short time to the ﬁnal EH state with
location of 5-th electron in a binuclear center (CuB and heme a3), but
not on a heme a. Another possible reason of the disagreement can be
the difference in redox potentials of the individual redox centers in
the caa3 enzymes from different organisms, in part, mentioned in [26]
the higher value of the heme a redox potential in caa3 oxidase from
Bacillus PS3.
In summary, the fully reduced, 5 electrons loaded, caa3 oxidase
from T. thermophilus is competent in rapid electron transfer from the
input redox-centers into the catalytic heme-copper site and goes
through all the usual intermediate states of canonical aa3 oxidases,
including the ﬁnal 5thOH→EH transition. The ﬁnal state of the single-
turnover oxidized cytochrome caa3 from T. thermophilus is character-
ized by the localization of the ﬁfth electron in the BNC, as it was shown
for aa3 and ba3 oxidases, obtained through the artiﬁcial reduction of
the freshly formed OH state by the photoactivated Rubipy dye [19,20].
A time-resolved study of charge translocation during the R→EH
transition in cytochrome caa3 is required to answer the crucial
question whether this CcO is capable of pumping protons across the
membrane during the OH→EH transition.Acknowledgments
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